Abstract: Toxoplasma gondii, a parasite infecting 20-60% of humans in various countries, influences the behaviour of infected animal and human hosts. Infected human subjects have changes in several of Cattell's and Cloninger's personality factors. Recently, three independent studies have shown that Rh-positive subjects are protected against the T. gondii-induced changes of reaction times and increased risk of traffic accidents. Here we searched for evidence of similar effects of RhD phenotype on toxoplasmosis-or aging-associated changes in the personality profile of about 302 blood donors. We found that Rh-positive and Rh-negative subjects responded differently to toxoplasmosis. In addition to the already known effects of toxoplasmosis on novelty seeking, self transcendence, superego strength and protension, we also found effects of RhD phenotype on ego strength, protension, and praxernia, as well as opposite effects of toxoplasmosis on ego strength, praxernia, ergic tension and cooperativeness in Rh-positive and Rh-negative subjects. Moreover, our results indicate that RhD phenotype might influence not only the effect of toxoplasmosis but also the effect of aging on specific personality traits.
The RhD protein which is the RHD gene product and a major component in the Rh blood group system carries the strongest blood group immunogen, the D antigen (Carritt et al. 1997 , Flegel 2006 ). This antigen is absent in a significant minority (about 16%) of the Caucasian population (Rh-negatives) due to RHD deletion or alternation. The structure homology data suggest that the RhD protein acts as an ion pump of uncertain specificity and unknown physiological role (Biver et al. 2006, Kustu and Inwood 2006) . Except for the well known but artificial role of the RhD protein in haemolytic disease of newborns, no phenotypic expression of the absence or presence of RhD on the surface of erythrocytes of a subject was known for more than sixty years. Recently, two studies on two populations of blood donors, one of conscripts ) and the other of university students , have shown that Rh-positive subjects, and RhDpositive heterozygotes in particular, are protected against latent toxoplasmosis-induced impairment of reaction times. A prospective cohort study performed on nearly four thousand military drivers has found that Rh-negative Toxoplasma-infected subjects have about three times higher probability of a traffic accident than Rh-negative Toxoplasma-free subjects or than Rh-positive (Toxoplasma-free or Toxoplasma-infected) subjects (Flegr et al. 2009 ). Another study performed on 980 pregnant women has found the RhD-positivity protects Toxoplasma-infected women against excessive weight gain in the first trimester of pregnancy (Kaňková et al. 2010) .
The protozoan parasite Toxoplasma gondii infects 20-60 % of the population in most countries, depending on climate, hygienic standards and cooking habits (Tenter et al. 2000) . Postnatally acquired toxoplasmosis in immunocompetent subjects causes usually only mild disease, acute toxoplasmosis, which turns spontaneously into lifelong latent toxoplasmosis. Latent toxoplasmosis is characterized by the presence of the dormant cyst stage of the parasite mainly in the neural and muscular tissues and immunity against new Toxoplasma infections ( Remington and Krahenbuhl 1982, Jones et al. 2001) . Latent toxoplasmosis in humans is considered as clinically asymptomatic (Markell et al. 1999, Roberts and Janovy 2000) . However, infected people seem to have impaired reaction times (Havlíček et al. 2001 ) and a higher risk of traffic accidents (Flegr et al. 2002 , Yereli et al. 2006 , Kocazeybek et al. 2009 ), possibly as a result of manipulation activity of T. gondii "aimed" to increase the chance of transmission from the intermediate to the definitive host, i.e. from any bird or mammal species to any feline species, by predation. Between 1994 and 2007, about twelve The influence of RhD phenotype on toxoplasmosis-and age-associated changes in personality profile of blood donors studies have reported that Toxoplasma-infected men and women differed in several personality factors measured with Cattell's 16PF questionnaire or Cloninger's TCI questionnaire from Toxoplasma-free subjects (see Flegr 2007 for review). The difference in personality traits increases with the duration of the infection, which suggests that the changes are induced by toxoplasmosis rather than that the risk of Toxoplasma infection is influenced by the personality profile of subjects (Flegr et al. 2000) . Moreover, the results of about forty years of research performed on laboratory animals have shown that T. gondii is able to specifically influence the behaviour and temper of its intermediate hosts (Webster 2001) , probably by regulating the concentration of neurotransmitters, dopamine and possibly also serotonin, in particular regions of the brain (Skallová et al. 2006 , Hodková et al. 2007 ). It has even been recently reported that the genome of T. gondii contains two genes for aromatic amino acid hydroxylases, the enzymes not previously described in the protozoa, and these enzymes probably catalyze the rate-limiting step of the biosynthesis of dopamine in the brain of infected hosts (Gaskell et al. 2009 ).
The aims of the present study were 1) to find out whether Rh-positive subjects are protected not only against the impairment of reaction times and excessive weight gain in pregnancy but also against the toxoplasmosis-associated specific changes in personality traits and 2) to find whether RhD phenotype modifies not only the host response to Toxoplasma infection but also to other biological factors, namely the age of the host.
MATERIALS AND METHODS
Subjects. During the thrombocyte separation sessions, about eight hundred donors of thrombocytes at the blood transfusion centres of the Institute of Haematology and Blood Transfusion, Prague, and of the Zbraslav hospital, Prague, were asked to voluntarily participate in the research project and to sign the informed consent form. Five hundred and thirty-one (about 70%) of them consented to provide their psychological data and 5 ml of blood for serological examination. They were given the Cloninger's TCI and Cattell's 16PF questionnaire forms and a stamped envelope with the address of the Department of Parasitology, Faculty of Science, Charles University on it. Three hundred and two TCI questionnaire forms (57.2%) and 262 16PF questionnaire forms (49.4%) were filled in and returned. The recruitment of subjects and the data handling complied with the applicable regulations.
Personality tests. TCI (Temperament and Character Inventory) (Cloninger et al. 1994 (Pokorný et al. 1989) and by the complement fixation test (CFT) (SEVAC, Prague) which is more sensitive and therefore more suitable for the detection of old T. gondii infection (Warren and Sabin 1942) . Titres of antibodies to Toxoplasma in sera were measured at dilutions between 1:8 and 1:1024. The subjects with negative results of IgM ELISA (positivity index < 0.9) and CFT titres higher than 1:8 were considered latent-toxoplasmosis positive.
Statistical analysis. The software Statistica® version 9.0 was used for General Linear Models (GLM) tests, log-linear analysis and for testing the assumptions, namely those of the normality of data distribution, normality of residuals and equality of error variances.
rEsUlts
Three hundred and two blood donors (213 men and 89 women) were tested for specific immunity against Toxoplasma. The prevalence rates of Toxoplasma infection in men and women were 32.9% and 27.0%, respectively, and the rates of Rh-negative phenotype were 26.9% and 22.4%, respectively. The very high proportion of Rh-negative subjects reflected the higher demand for Rh-negative blood and therefore preferential selection of Rh-negative donors rather than the frequency of the RHD deletion in the general Czech population. No association between sex, RhD phenotype, ABO phenotype and Toxoplasma infection was found by the log-linear analysis.
Cloninger's TCI
The multivariate GLM with toxoplasmosis, RhD phenotype and age as three independent factors and with seven Cloninger's factors as dependent variables showed significant effects of age (p < 0.0001), RhD phenotype (p = 0.011), toxoplasmosis (p = 0.011) and toxoplasmosisRhD interaction (p = 0.001). The univariate GLM analyses showed the effect of toxoplasmosis on novelty seeking (NS) (p = 0.048) and self transcendence (ST) (p = 0.024), the effect of RhD phenotype on harm avoidance (HA) (p = 0.036) and cooperativeness (CO) (p = 0.009) and the effect of toxoplasmosis-RhD interaction on reward dependence (RD) (p = 0.046) and cooperativeness (CO) (p = 0.007). For the strength and direction of the effects, see Table 1 . The multivariate GLM analysis performed on a subset of men showed the effect of age (p < 0.0001), a non-significant effect of toxoplasmosis (p = 0.061) and the effect of RhD phenotype (p = 0.013) and of toxoplasmosis-RhD interaction (p < 0.0001). The multivariate GLM analysis performed on a subset of women found the effect of age (p = 0.007) and no significant effect of toxoplasmosis (p = 0.137), RhD phenotype (p = 0.075) and toxoplasmosis-RhD interaction (p = 0.851). The univariate GLM analyses performed separately for men and women showed that except for novelty seeking (NS) and self transcendence (ST), the particular effects of toxoplasmosis and RhD phenotype were stronger in men than women (Table 1) . The multivariate GLM with independent factors toxoplasmosis and age showed the effect of age (p < 0.0001) and toxoplasmosis (p = 0.025) for the whole data set, the effect of age (p < 0.0001) and a non-significant effect of toxoplasmosis (p = 0.347) for the subset of men, and the effect of age (p = 0.011) and toxoplasmosis (p = 0.007) for the subset of women. The multivariate GLM analyses with independent factors RhD phenotype and age showed the effect of age (all: p < 0.0001, men: p < 0.0001, women: p < 0.0001) and the effect of RhD phenotype in women (all: p = 0.079, men: p < 0.149, women: p < 0.003). Results of particular univariate GLM analyses are shown in Tables 2 and 3.
Cattell's 16PF
The multivariate GLM with toxoplasmosis, RhD phenotype and age as three independent factors and sixteen Cattells's factors as dependent variables showed the effects of age (p < 0.0001), RhD phenotype (p = 0.020), toxoplasmosis (p = 0.002) and toxoplasmosis-RhD interaction (p < 0.001). The univariate GLM analyses with independent factors toxoplasmosis, RhD phenotype and age showed the effect of toxoplasmosis on superego strength (G) (p = 0.001), protension (L) (p = 0.011) and shrewdness (N) (p = 0.026), the effect of RhD phenotype on ego weakness (C) (p = 0.005), protension (L) (p = 0.017) and praxernia (M) (p = 0.033) and the effect of toxoplasmosis-RhD interaction on ego weakness (C) (p = 0.003), praxernia (M) (p = 0.005) and ergic tension (Q 4 ) (p = 0.011). For the strength and direction of the effects, see Table 4 . Latent toxoplasmosis is known to have opposite effects on many Cattell's factors in man and women and therefore we repeated the same analysis separately for men and women. The multivariate GLM analysis performed on the subset of men showed the effects of age (p < 0.0001), toxoplasmosis (p = 0.002), RhD phenotype (p = 0.002) and toxoplasmosis-RhD interaction (p < 0.001). The multivariate GLM analysis performed on the subset of women did not find significant effects of age (p = 0.054), toxoplasmosis (p = 0.326), RhD phenotype (p = 0.618) and toxoplasmosis-RhD interaction (p = 0.851). For particular results of the univariate GLM analyses, see Table 4 .
The multivariate GLM analyses with independent factors toxoplasmosis and age showed the effect of age (all: p < 0.0001, men: p < 0.0001, women: p < 0.0001) and no effect of toxoplasmosis (all: p = 0.118, men: p = 0.088, women: p = 0.504). The multivariate GLM analyses with independent factors RhD phenotype and age showed the effect of age (all: p < 0.0001, men: p < 0.0001, women: p < 0.0001) and the effect of RhD phenotype in men (all: p = 0.082, men: p = 0.036, women: p = 0.262). For particular results of the univariate GLM analyses, see Tables 5  and 6 .
To reveal possible protective effects of RhD phenotype against biological factors other than toxoplasmosis, we included the RhD-age interaction into our models. The multivariate GLM analyses showed no significant effect of RhD-age interaction on Cattell's factors (all: p = 0.189, men: p = 0.326, women: p = 0.657) or Cloninger's factors (all: p = 0.710, men: p = 0.434, women: p = 0.752). However, the univariate GLM analyses showed the effect of RhD phenotype-age interaction on dominance (E) (all: p = 0.006, men: p = 0.060, women: p = 0.024), see Fig. 1,   Fig. 1 . Correlation between age and Cattell's dominance (E) in Rh-negative and Rh-positive subjects. The statistical significance of the RhD-age interaction estimated by the univariate GLM was 0.006.
Fig. 2. Correlation between age and Cattell's shrewdness (N) in
Rh-negative and Rh-positive subjects. The statistical significance of the RhD-age interaction estimated by the univariate GLM was 0.014. ) estimated by the univariate GLM and arithmetic means and number of cases in particular subsets. The results significant in two-tailed tests are printed in bold. A -afectothimia/schizothimia, B -low intelligence/high intelligence, C -ego weakness/high ego strength, E -submissiveness/dominance, F -desurgency/surgency, G -low superego strength/high superego strength, H -threctia/parmia, I -harria/premsia, L -alaxia/protension, M -praxernia/autia, N -naivete/shrewdness, O -untroubled adequacy/guilt proneness, Q 1 -conservatism/radicalism, Q 2 -group dependency/self sufficiency, Q 3 -low self-sentiment integration/ high strength of self-sentiment, Q 4 -low ergic tension/high ergic tension. and shrewdness (N) (all: p = 0.014, men: p = 0.007, women: p = 0.558), see Fig. 2 . As a sort of negative control, we repeated all analyses with ABO phenotype used instead of RhD phenotype. The multivariate GLM analysis revealed no significant effect of ABO phenotype or ABO phenotype-toxoplasmosis interaction (results not shown). Of 69 univariate analyses (7 Cloninger's and 16 Cattell's factors, all subjects, men, women), only two, the tests of reward dependence (RD) in all subjects (p = 0.048) and premsia (I) in all subjects (p = 0.029), revealed significant effects of the studied factors (ABO phenotype-toxoplasmosis interaction). These effects were not significant after the Bonferroni correction for multiple tests.
DISCUSSION
"Asymptomatic" latent toxoplasmosis and RhD phenotype, i.e. the presence or absence of the D antigen on the membrane of erythrocytes, had a specific effect on the personality profile of blood donors estimated by Cattell's 16PF questionnaire and Cloninger's TCI questionnaire. Moreover, toxoplasmosis had both quantitatively and qualitatively different effects on the personality profile of Rh-positive and Rh-negative subjects.
The specific influence of latent toxoplasmosis on Cloninger's factors has already been described in a nearly identical set of blood donors for novelty seeking (NS) and self transcendence (ST) (Skallová et al. 2005) and in an independent set of military conscripts for novelty seeking . The analysis of the statistical models containing both toxoplasmosis and Rh phenotype as independent factors identified not only possible effects of RhD phenotype on harm avoidance (HA), cooperativeness (CO) and self transcendence (ST) (in women) but also opposite effects of toxoplasmosis on reward dependence (RD) and cooperativeness (CO) in Rh-positive and Rh-negative subjects. Similarly, specific effects of latent toxoplasmosis on Cattell's personality factors strength of superego (G) and protension (L) have already been reported in university students (Flegr and Hrdý 1994) , military conscripts ), blood donors (Skallová et al. 2005) , childbearing age women (Flegr and Havlíček 1999) and males (Flegr et al. 1996) and females (Flegr et al. 2000) diagnosed with acute toxoplasmosis 2-12 years before personality testing, (see Flegr 2007 for review). Again, the current analysis of the statistical models containing both toxoplasmosis and Rh phenotype as independent factors identified possible effects of RhD phenotype on ego strength (C), protension (L), and praxernia (M) and opposite effects of toxoplasmosis on ego strength (C), praxernia (M), ergic tension (Q 4 ). and cooperativeness (CO) in Rh-positive and Rh-negative subjects. It should be stressed that not only toxoplasmosis-RhD interaction but also some of the main effects of toxoplasmosis and nearly all of the main effects of RhD phenotype can only be proved to exist in the models containing both analyzed factors, i.e. toxoplasmosis and RhD phenotype. Therefore, the previous unsuccessful attempts to prove the correlation between various personality traits and blood groups (Irvine and Miyashit 1965 , Wiener 1965 , Cattell 1972 , Rogers and Glendon 2003 , Wu et al. 2005 ) can be explained not only by the fact that the ABO rather than the Rh factor blood group system was usually studied, but also by the fact that the important confounding factor, toxoplasmosis, was not included in the analyzed models.
Four studies have already shown that the response of the human body to latent toxoplasmosis depends on RhD phenotype (Flegr et al. , 2009 , Novotná et al. 2008, Kaňková et al. 2010) . Psychomotor performance (reaction times) of Rh-negative subjects deteriorated after Toxoplasma infection while Rh-positive heterozygotes were permanently and Rh-positive homozygotes were temporarily protected against such decrease in psychomotor performance. Also, RhD-negative women with latent toxoplasmosis gained more weight during pregnancy than RhD-negative, Toxoplasma-free women or RhDpositive women. Results of the present study suggest that RhD phenotype also modulates toxoplasmosis-associated changes in the personality profile. In contrast to the primarily quantitative modulation of changes in reaction times, the modulation of some personality profile changes was also qualitative. For example, latent toxoplasmosis was associated with lower ego strength and lower cooperativeness in Rh-negative subjects, but with higher ego strength and higher cooperativeness in Rh-positive subjects. The toxoplasmosis-associated changes were always stronger in Rh-negative subjects, as was reported previously for psychomotor performance. Our present results indicate that RhD phenotype modulates the responses of the body not only to Toxoplasma infection, but also to other factors. Here we observed different correlations between two Cattell's factors, namely dominance and shrewdness, and age in Rh-positive and Rh-negative subjects. In contrast to the response of the body to Toxoplasma infection, the correlation with the personality factors was stronger in Rh-positive subjects. It must be pointed out, however, that unlike the effect of RhD-toxoplasmosis interaction, the effect of RhD-age interaction on Cattell's personality profile estimated by the multivariate GLM was not significant and the significances in the univariate tests did not survive the Bonferroni correction. Therefore, the significant effects of RhD-age interaction observed in two of sixteen univariate GLM tests might be just artifacts of the multiple statistical tests and should be confirmed in other independent studies.
The function of the RhD molecule, the membrane pump that transports either ammonium or CO 2 , has been revealed only recently, but its physiological role remains unknown (Biver et al. 2006, Kustu and Inwood 2006) . Therefore, the speculation about the mechanisms involved in the modulation of toxoplasmosis-(or age-) associated changes in personality traits (or reaction times or weight gain) would be rather premature. Obviously, the difference between Rh-positive homozygotes and heterozygotes, namely permanent protection against the impairment of reaction times in heterozygotes and only temporary protection in homozygytes , suggests that not (only) the RhD molecule but (also) a product of another gene in a strong genetic linkage with the RHD gene might be responsible for the observed biological and psychological effects of RhD phenotype (Flegel 2006) . To test such hypotheses, genetic instead of common serological data needs to be collected from larger populations.
The origin and maintenance of the Rh polymorphism in the human population is an old evolutionary enigma, as the fitness of carriers of the rarer variant of the RHD gene (an Rh-negative woman in a predominantly Rh-positive population or an Rh-positive man in a predominatly Rh-negative population) is compromised by the risk of haemolytic disease of newborns (Fisher et al. 1944 , Haldane 1944 . The broad spectrum of behavioural effects of RhD phenotype described in this and previous studies, however, suggests that the Rh polymorphism can be stabilized by some form of frequency dependent selection. 
